The thermoelectric properties of a set of single crystalline Si wafers with dierent oxygen concentration grown by the Czochralski technique have been studied at ultrahigh pressures up to 25 GPa. The dependence of semiconductormetal transition pressure at Czochralski grown Si on the concentration cO of the interstitial oxygen was found to present a convex curve with the maximum near cO ≈ 9 × 10 17 cm −3 . The high pressure thermoelectric power method seems to be suitable for characterization of impurity-defect structure of Si wafers.
Introduction
Nowadays, in substrate manufacturing for advanced microelectronic devices and integrated circuits, silicon wafers are used, cut from single crystalline Si rods, grown typically by the Czochralski technique (Cz-Si) [1] . Silicon produced by this technique contains residual oxygen, located mostly in interstitial sites (O i ); this oxygen can aect electronic, mechanical, thermal, and other properties of Si wafers. Pre-annealing of Cz-Si at 570 770 K is known to form thermal donors connected with oxygen impurity. The energies of these donor states estimated using both Hall eect and deep-level transient spectroscopy (DLTS) correspond to ≈ 0.1316 and 0.06 0.07 eV [2] . The above annealing is known to change the sign of conductivity of Cz-Si samples from p-type to n-type [3] . Above ≈ 820 K these thermal donors decay and in the temperature range ≈ 8201170 K the generation of new thermal donors with the higher values of ionization energies occurs [2] . The origin of oxygen related new donors is related to oxygen precipitates [2, 3] .
Annealing at high T generally tends to precipitation of oxygen interstitials with a creation of SiO 2−x , precipitates, precipitatedislocation complexes, dislocations, and other defects. Electronic, mechanical, and optical properties of Cz-Si samples have been found to depend * corresponding author; e-mail: i_korobeynikov@mail.ru, highpressgroup@mail.ru on the state of oxygen-defect system [2, 3] . In Refs. [4, 5] the measurements of thermoelectric power S (Seebeck eect) at high pressures P have been suggested for characterization of the oxygen-defect state of Cz-Si samples.
The results obtained on the Seebeck eect at high pressures for Cz-Si subjected to dierent P T pre-treatments as well as doped by N impurity showed the dependence of both the sign of S and the total shape of S(P ) curve on the initial state of oxygen-impurity system; the pressure of phase transition from diamond-like to white tin-like lattice detected from S(P ) measurements being a function of oxygen content [57] . Pressure releasing leads to arising of metastable phases, r8 (Si-XII) below ≈ 8 GPa and bc8 (Si-III) below ≈ 2 GPa [812]. Si-III was found to be a p-type semimetal with a carrier concentration of p ≈ 10 20 cm −3 [9, 12] . In Ref. [13] it was demonstrated that using stress-related techniques one can write conducting Si-III zones on silicon surface, and thus to create the semiconductormetal structures. Recently at Cz-Si samples with small addition of Ge atoms (1.42.6%) the eect of switching of S sign found at low pressures [14] made it possible to create not only semiconductor metal nanostructures, but also the various semiconductor p−n type structures at the samples surface. So, the investigation of the thermoelectric properties of Cz-Si under high pressures is of interest as for the characterization of the impurity-defect structure, as well as in the view of possible applications in microelectronics techniques.
In the present work results of high-pressure thermo- [16, 17] . A thermal dierence was produced by heating of the anvils. The synthetic conducting diamond anvils served as a heater and a cooler in the S measurements [15] . A microindentation testing was carried out using a depth sensing Vickers microindenter, similar to the one described in Ref. [18] and Hysitron TI900 nanotester using Berkovich nanoindenter. Indentations were done at 510 points at the surface of the each sample.
Nowadays, the microindentation becomes a standard technique for testing of semiconductor single crystals, including silicon wafers [18, 19] . These measurements supply values of microhardness and Young's modulus as well [19] . Earlier Si and Ge were established to be the only semiconductors with microhardness values approximately coinciding at room temperature with the values P t ≥ 10 GPa of pressure-caused phase transitions into metallic phase with white-tin tetragonal lattice [20] . It was proved that the above phase transition indeed occurs under indenter tip [1923] . So, we have chosen this technique for comparison with the high-pressure study in anvils cell. No. The interstitial oxygen concentration was determined by the Fourier transform infrared spectrometry (FTIR), using the conversion factor value equal to 2.45 × 10 17 cm −3 (ASTM F 21-83 standard) [3] . The details are described in [3] . The properties of pre-treated Cz-Si samples are listed at Table. One can see that in the view of the pre-treatment performed the samples contain both thermal donors, as well as new thermal donors.
Results and discussion
P −T pre-treatment of the samples results in changing of both concentration and type of charge carriers due to formation of thermal donors [3] (Fig. 1) . This leads to variation of S(P ) dependences for the samples measured (see Fig. 1 ). However, above the semiconductor metal phase-transition point the behaviors of the S(P ) dependences for p-and n-type samples were rather similar (Fig. 1 ). The S(P ) dependence of the p-type sample rstly exhibited a minimum near 711 GPa, then the value of S increased to 1314 GPa, and above 15 16 GPa S decreased again (Fig. 2) . The last two features were also observed for n-type samples (Fig. 1b) . Though the S values of all high-pressure metallic phases investigated were close to S ≈ 8 ± 3 µV/K, they changed abruptly with pressure, so the pressure derivative of S twice inverted its sign in the pressure range up to 20 GPa (Fig. 2) . The sharp changes of dS/ dP may be related to the phase transformations (Fig. 2) . However, the values of S of high-pressure metallic phases with a β-Sn structure and orthorhombic (above 12 GPa) and simple hexagonal (above 16 GPa) structures are approximately the same for dierent sample groups (Table) .
At releasing of P the phase transitions in Si are known to happen at ≈ 9.4 GPa into rhombohedral phase Si-XII (r8) and at ≈ 2 GPa into Si-III (bc8) phase with body--centered cubic structure [9, 24] .
By observing the changes in pressure coecients of S with decreasing pressure below these values ( (Table) . In all sets of Cz-Si wafers, the regularity of the semiconductormetal (SM) phase transition pressure P t on the concentration of residual interstitial oxygen c O was evidenced (Fig. 3) . Let us note that every point of The numbers near curves correspond to samples numbers in Table. (b) The same curves as in (a) in the reduced scale.
probably related to the low concentration of nucleation sites for phase transitions. This has been oered as an explanation of the high value P t ≈ 21 GPa observed in Si nanocrystallites coated with a SiO 2 layer [29] .
It needs to point out that the recording of the beginning of Si-I → Si-II phase transition (in fact the corresponding SM transition) depends on the technique used [24] , e.g. X-ray data always relate to the completion of the transition, while the Raman data are sensitive both to the arising of small amount of new phase (precursor of transition), as well as to the conserving of negligible fraction of the initial one (after the completion of the transition) [30] , and electrical resistivity data show the start of phase transition ahead of X-ray technique [24] .
The variation of thermopower S at SM phase transition always ought to pass ahead of resistivity changes (and vice versa at the reverse transition metalsemiconductor) due to relation between S, ρ, and thermal conductivity λ entities, derived for the rst time in [31] for two-phase Experimental data are taken from the present work ( Fig. 1) as well as from [28] . The line is drawn as a guide for eyes.
mixture with the variable conguration and concentration of semiconductor and metal phases
Here S i , ρ i , and λ i (i = 1, 2) are the values of thermopower, electrical resistivity and thermal conductivity for semiconductor phase (i = 1) and high-pressure metallic phase (i = 2) [31] . With these reservations the S(P ) data may be considered for determination of the phase transition pressures P t . The volumetric drops have been observed at the Si-I → Si-II phase transition [47] accompanied by large volume contraction ≈ 20% [24] at pressures indeed somewhat larger than P t obtained from S(P ) data [47].
The non-monotonic dependence of phase transition pressure P t on the concentration of the interstitial oxygen may be explained using the similarity of P t with the microhardness values H. For ternary semiconductor compounds the following dependence of H on the concentration of impurity (third component) is usually valid: 
with ε G = ( dG/dx)/G, ε a = ( da/dx)/a, G the bulk shear modulus, a the lattice constant and γ the Grüneisen constant, and x the content of the impurity (third component). Equation (3) conrms empirical convex type of H dependence for a lot of ternary semiconductor systems [32] . So, the similar dependence for P t on the content of interstitial oxygen ought to be waiting.
The dependence of P t obtained from S(P ) data indeed may be described by the similar convex curve (Fig. 3) . For the Cz-Si crystals with small amount of Ge atoms the results of S(P ) measurements strongly distinguish from ones for the above listed Ge-free Cz-Si samples (Fig. 4) [14] . The value of S suers abrupt jumps with the sign inversion far from the expected structural phase transition Si-I → Si-II. The thermopower data show reversible p−n switching by applied pressure of ≈ 0.3 0.6 GPa [14] (Fig. 4) . By application of higher pressures between 0.8 and 1.5 GPa, i.e., beyond the thermopower negative extremum point (Fig. 4) the irreversible p−n switching occurs [14] . Irreversible n−p turn to an almost compensated state with nearly equivalent p-and n-contributions in S is achieved by applied pressure above ≈ 23 GPa (Fig. 4) . Germanium-doped Cz-Si with the amount of Ge exceeding ≈ 1% contains controlled strain in layered structures that tends to carriers mobility competitive with one for IIIV semiconductors [35] .
Ge atoms in Si are known to act as traps for donor--vacancy complexes [14, 3639] . So, both the presences of Ge atoms, as well as the interstitial oxygen are responsible for such S switching eect [14] . This result discovered rstly at [14] made it possible to write the semiconductor zones with n-and p-type of conductivity at the surface of Ge-doped Cz-Si wafers, and thus to create semiconductor devices. The problem of creation of the controlled pressures at the small area of the wafer surface may be solved using nanoindentation technique. A small dog-ear at load of 10 mN for sample No. 6 also has reputability. That is why it also can be attributed to the beginning of phase transition at local area under tip of the indenter. The value of load corresponding to the phase transition Si-I → Si-II in Fig. 5 depends on the concentration of interstitial oxygen c O in the same manner, as the value of transition pressure P t recorded using S(P ) data (Figs. 1, 3) . Thus, for the sample No. 6 the value of the load relevant to phase transition is higher than ones for samples No. 5 and 7 (Fig. 5 ) which correlates with the corresponding P t data for these samples (Fig. 1b) . According to the results of the present work (Fig. 3) on the other hand. The described above sharp drops of S with the sign inversion at Cz-Si(Ge) crystals may be obtained by nanoindentation technique, tending to possibility to write the semiconductor zones of n-and p-type at the Cz-Si based wafers surface similarly to the procedure decribed in [13] . power method [40, 41] seems to be suitable for characterization of Si wafers exposed to various pre-treatments [7] .
Anomalies were observed also on the loading curves of nanoindentation in the vicinity of the SM phase transition point. These ndings suggest a way of functionality extension of Si-based devices for emergent applications. For instance, Si-based structures possessing the abrupt jumps of S under pressure-like Cz-Si:Ge samples [14] may be utilized for creation of integrated circuits, in which zones with dierent types of conductivity or dierent elements (p−n diodes, p−n memory elements) may be written by applied stress at nanoscale level, and the control on the value of the above stresses now is possible by the proposed nanoindentation technique.
